. 2010. Implications of fisheries-induced changes in stock structure and reproductive potential for stock recovery of a sex-dimorphic species, North Sea plaice. -ICES Journal of Marine Science, 67: 1931Science, 67: -1938 A key assumption in stock assessment and stock forecasts often is that spawning-stock biomass (SSB) and egg production are proportional and that the reproductive potential is independent of stock structure (age composition and sex ratio). Based on a 60-year time-series of total egg production (TEP) of North Sea plaice, we demonstrate that this assumption could result in a biased perception of the temporal trend in reproductive potential. The time-series incorporates: (i) annual observations on maturity, growth, and condition, (ii) a predictive model for interannual variations in fecundity caused by variations in body condition and by the probability of being a recruit spawner, and (iii) a cohort analysis of sex-specific landings-at-age since 1948. Following an increase in fishing mortality rate, TEP declined by a factor of 7 -8 from a peak in the 1970s to a minimum in 1999 -2000. Concurrent with this decline, the contribution of recruit spawners and the size difference between spawning males and females decreased. The implications of phenotypic plasticity and fisheries-induced evolutionary changes in growth and maturation for the recovery potential of the plaice stock are discussed.
Introduction
The relationship between recruitment and spawning stock is an essential component underpinning fisheries management, because it forms the basis of the biological reference points on the maximum fishing mortality that a population could sustain and the minimum biomass required for average recruitment (Beverton and Holt, 1957) . In general, the annual spawning-stock biomass (SSB) is estimated by some form of virtual population analysis of the catch-at-age matrix of the commercial catches, by summing up the reconstructed population numbers-at-age multiplied by the mean weight-at-age and by the proportion of mature fish (Shepherd, 1999) . Mostly, maturation and fecundity characteristics are assumed constant, and the sex ratio is assumed fixed (Marshall et al., 1998; ICES, 2008) . Because these assumptions have been proven unrealistic (Marshall et al., 1998; Marteinsdottir and Thorarinsson, 1998; Wright and Trippel, 2009 ), SSB might not accurately reflect the true egg production; consequently, the SSB reference points underpinning current fisheries management might be biased. There is ample evidence that the maturation process varies across cohorts in relation to variations in growth rate or environmental factors, such as temperature (Rijnsdorp, 1993; . Additionally, maturation might reveal trends over time that are likely related to an evolutionary effect of fishing (Grift et al., 2003; Olsen et al., 2004; Mollet et al., 2007) . Similarly, the fecundity -size relationship could vary temporally Marshall et al., 1999; Rijnsdorp, 1994) .
The reproductive potential of an exploited population could also be affected by demographic changes caused by fishing (e.g. in age diversity and size structure). Various attributes that affect reproductive potential of the parent have been established: relative fecundity and quality of the spawning products in terms of survival increase with size or age (Kjesbu et al., 1991; Trippel, 1998; Marteinsdottir and Begg, 2002) ; the number of egg batches shed and the length of the spawning season increase with body size, which results in a higher probability that an egg laid by an older fish would encounter favourable conditions for survival (Lambert, 1990; Hutchings and Myers, 1993; Wright and Trippel, 2009 ). However, other issues might also play a role, such as the effect of changes in the (relative) size distributions of males and females, which could affect spawning behaviour and success (Hutchings and Myers, 1993; Rowe and Hutchings, 2003) . The latter issue might be particularly relevant in sexually dimorphic species, where the sexes might be subjected to different levels of exploitation (Rijnsdorp, 1994) .
We investigate the effects of fishing on the reproductive potential of North Sea plaice (Pleuronectes platessa) using a length-and age-disaggregated approach based on 60 years of data. Specifically, we analyse: (i) the time-trends in population egg production after taking into account interannual variations in growth, maturation, and fecundity and distinguishing between recruit and repeat spawners; and (ii) changes in the size and age compositions of the male and female spawning population. Changes in reproductive potential are compared with the time-series of SSB estimates available from the annual stock assessments (ICES, 2008) .
Material and methods

Market-sampling and research-vessel survey data
Length-stratified samples taken from plaice landed by the Dutch commercial fleet have been collected monthly from 1958 to record length (mm), weight (g), age (years), sex, and maturity stage. The market samples taken during the spawning period are used to estimate the growth and maturation characteristics by cohort. On average 2065 (range: 313 -5447) and 1411 (range: 229 -5404) observations were collected annually between December and March for females and males, respectively. The database of individual growth curves of female plaice (Rijnsdorp and van Leeuwen, 1996) , back-calculated using otoliths obtained from annual length-stratified subsamples (up to four per centimetre) from the market samples collected in the southern North Sea (between 52 -548N and 1 -48E) during the spawning months (January -March), has been updated with samples for 1996-2009 and now comprises 4156 observations.
In addition, the length-at-age has been estimated from research-vessel survey data available since 1970 for various age groups: (i) the Demersal Young Fish Survey (DYFS), carried out in autumn in the shallow coastal waters and estuaries along the continental coast between 518 and 55830 ′ N, is focused on 0-group fish; (ii) the Sole Net Survey (SNS), carried out in autumn in slightly deeper water in the same area, samples the 1 -3-group plaice; and (iii) the Beam Trawl Survey (BTS), carried out in late summer in the southeastern North Sea since 1985, samples the 1-year and older age groups. During these surveys, length-stratified otolith samples have been collected, and the age -length keys derived from these have been applied to convert the length distributions into age distributions and estimate the abundance, as well as the mean length and standard deviation by age group.
Total egg production
To estimate the total egg production (TEP), we must know the number of female fish in the population (n ij ) of age i and size j, the proportion mature (m ij ), the body weight (w ij ), and the fecundity (o ij ), and sum over the size distribution by age and over the age distribution:
Because recruit spawners might be characterized by a lower fecundity than that of repeat spawners Wright and Trippel, 2009 ), a second estimate of TEP was obtained by taking the proportion of recruit and repeat spawners in the population into account:
where r indicates whether the females are recruit spawners (r ¼ 1) or repeat spawners (r ¼ 2). Our approach represents a further refinement of the length-or age-based method (Marshall, 2009) by explicitly allowing for both size and age effects, as well as their interaction. The time-series of SSB based on observed mean weight-at-age of females in the first-quarter landings and a fixed maturity ogive (0% at age 1; 50% at ages 2 and 3; 100% at age ≥4), similar to the standard procedure (ICES, 2008) , served as a baseline. Stock numbers by sex were estimated by XSA (Shepherd, 1999) using sex-specific tuning indices (SNS and BTS). For 1958 For -2007 , the numbers-at-age in the total international landings were split into males and females according to the sex ratio-at-age in the landings available from the ICES WG database (ICES, 2008) . For 1948 For -1957 , the only dataset available was the sex-at-age composition of the English landings (Rijnsdorp and Millner, 1996) , and this set was raised to the total international landings. A consistency check indicated that the total of the estimated population numbers by sex were similar to those estimated from the combined dataset, corroborating earlier results of Kell and Bromley (2004) .
The length distribution by age group in each year was calculated by combining a von Bertalanffy growth (VBG) equation fitted for each cohort and the mode of the coefficient of variation observed for each age group in the surveys and/or market sampling data, assuming a normal distribution. VBG parameters were estimated from the mean length-at-age in the surveys (prerecruit age groups 0 -4) and first-quarter market samples (age groups 5 -15). Because the market samples (1958-present) and survey (1970-present) time-series cover only a part of the study period, we used the signal of the interannual variations in growth rate derived from the otolith back-calculations to estimate the mean length-at-age for the years for which no direct observations were available. Mean back-calculated length-at-age was estimated using a mixed-effect model taking account of the longitudinal nature of the observations. Because otoliths have been selected based on length-stratified sampling, a weight vector was applied to make the annual samples representative for the size distribution of the population in each year.
The relative condition Kn by year was estimated for each size class j as the ratio of the observed weight and the weight (ŵ j ) predicted from the weight -length regression of all prespawning fish sampled in December and January (1958-2008) .
The proportion of mature plaice (m lac ) was estimated from maturity ogives fitted by a GLM, using the proportions mature in relation to body length (l ), age (a), and cohort (c), using a logit link function, and a Poisson error (1), using the first-quarter market sampling data. Following Grift et al. (2003) , age was included as a covariable (age 1 -5) and cohort as a nominal variable:
Ogives could only be estimated for females, because male plaice mature at a size below the minimum landings size of 27 cm. For males, we used an average maturation ogive estimated from the data collected during specific studies done in the mid-1980s and the 2000s (Rijnsdorp, 1989; van Walraven et al., 2010) .
The probability of being a recruit spawner (prc) was estimated from the probability of being mature (m al ) at an age (a) and length (l ), conditional on the probability of being immature in the previous year, and taking account of the length increment (Dl ) grown during the past year (Barot et al., 2004) :
This approach relies on the simplifying assumption that growth rate and mortality rate are the same for immature and mature individuals. Fecundity studies in 1982 -1985 (Rijnsdorp, 1991 (van Damme et al., 2009 ) not only revealed significant interannual variations in the fecundity -length relationship, but also demonstrated that fecundity is positively related to condition and age. The age effect might reflect a lower fecundity of recruit spawners (Kjesbu et al., 1996) . To apply a predictive relationship for the whole study period, we tested whether a fecundity model including the condition of the female (Kn) and the probability of being a recruit spawner (prc) could explain (part of) the interannual variations in the fecundity -length relationship. Sampling month was included in the model to take account of the continuous down-regulation of fecundity until spawning starts (Kennedy et al., 2008) . Fecundity by length class on 1 January was predicted using the length-age-specific Kn and prc.
Statistics
Statistical analyses were done in SAS and R. Model selection was carried out by comparing the Aikaiki information criteria (AIC) and selecting the model with the lowest AIC. Residual patterns were checked for normality and influential observations (Cook's distance).
Results
Life history parameters
Length-at-age increased during the 1960s and 1970s for most age groups and decreased since around 1980 (Figure 1 ). The recent decline was particularly pronounced in older males. Superimposed on this pattern, low values are apparent for the cohorts born in 1963, 1985, 1986, and 1996 , which were related to strong year classes. The coefficient of variation in length, used to model the length distribution by age, decreased from 13% at age 0 to 5% at ages 4 and 5, then gradually increased to 8% in ages 10 + . Mean relative condition, weighted over the size distribution of mature plaice, displayed interannual variations of 6% in females and 15% in males (Figure 1) . The patterns differ to some extent between the sexes. In males, the condition was relatively high at the beginning of the 1970s and around 1995, whereas the condition of females remained high from 1964 until the mid-1990s, and decreased to a lower level thereafter. The latter decrease mainly happened in females ,40 cm dominating the adult population and contrasts with the condition of larger females exhibiting an increase (results not presented).
The proportion of mature females has gradually increased in all age groups (Figure 2a ). For instance, only 20% of the 4-year-olds were mature around 1950, whereas more than 95% were mature in 2000. Superimposed on the trend, smaller proportions are apparent in the 1960s, 1980s, and 1990s, which are related to strong year classes. The onset of sexual maturity, as reflected by the age at which 50% of a cohort became mature (A50), was significantly correlated (Table 1) with year-class strength (negative) and the average temperature during the first 3 years of the cohort's life (positive). After correcting for the effect of temperature and yearclass strength, the A50 decreased at a rate of 0.2 years per decade (Figure 2b) .
The estimated contribution of recruit spawners to the female SSB varied between 14 and 20% until the mid-1970s. Since then, the contribution has increased gradually, following the increase in fishing mortality rate from 0.25 in the 1960s to 0.6 in the 1990s, until reaching a maximum of 50% in 2001 (Figure 3 ).
An analysis of the available fecundity data for 6 years revealed that model #3 including length, sampling month, and the nominal variable year explained 80% of the deviance in fecundity ( Table 2 ). Replacing year by relative condition (Kn), the probability of being a recruit spawner (prc) and their interactions (model #4) improved the model fit and increased the proportion of the variance explained to 88%. Addition of the nominal variable year (model #5) did not result in a significant improvement. The effect of taking account of Kn and prc on the year effects (Table 3) demonstrates that these remained significant, but the estimated annual variability (2 -9%) was much smaller than when Kn and prc had not been included (3-20%). Model #4 therefore represents a predictive model that could be used to estimate the fecundity in each year (Table 4) .
Total egg production
The TEP was calculated for a number of different assumptions (Figure 4) , which indicate that incorporating biological detail results in substantial changes in our perception, not only in the level of egg production, but also in the relative changes over time. The baseline run (run #1) used observed weights-at-age in the landings, fixed maturity relation, and a constant relative fecundity (200 eggs g 21 ), and corresponds to the procedure of the standard stock assessment to calculate SSB until 2004 (ICES, 2005 . Using the weights estimated from the VBG curves (run #2) resulted not only in a lower TEP, but also in a different pattern. The peak in the late 1980s in run #1, which is not apparent in the more refined estimates, is a result of the overestimation of the weight-at-age in the landings of age groups that have not yet fully recruited to the fishery. Including, in addition, the estimated proportion of mature females (run #3) further lowered the TEP, except for the most recent years. Finally, also including the effect Contribution of recruit spawners to the total SSB (%SSB) and TEP (%TEP) from run #4 in relation to the mean fishing mortality of age groups 2-6 (F 2 -6 ) by year. Model #1 is the null model giving the mean fecundity and the total variance in ln(fec). of interannual variations in condition and the proportion of recruit spawners on fecundity (run #4) reduced the TEP by up to 25%, in particular in years when the proportion of recruit spawners was relatively high (Figure 4b) . Overall, the lowest TEP in 1999, as estimated by run #4 and expressed relative to the historical maximum, was more extreme-also in a relative sense-than the low in the baseline run (14 vs. 30%). The percentage TEP produced by recruit spawners follows the same time-trend as the percentage of the SSB composed of recruit spawners, although at a lower level (Figure 3 ).
Demographic changes in spawning stock
There is a marked difference in the size distribution of the male and female spawning stock, because of the dimorphism in growth rate and onset of sexual maturity. Because of the increase in exploitation rate, the length distributions have become increasingly truncated to smaller sizes, and this applies particularly to the males. This could have resulted in a change in the encounter probabilities of mates of the preferred size and could have affected viable egg production. Building on Rowe and Hutchings (2003) , we explored this by comparing the frequency distributions of the size differences between the mature males and females in the population ( Figure 5 ). The mode of the size difference between males and females declined from 10 cm in the 1960s to the 1980s to 5 cm in the 2000s.
Discussion
The various time-series of TEP produced by increasing the underlying biological realism were substantially and increasingly different from a comparable time-series of SSB based on routine stock assessment procedures. Ignoring biological realism consequently not only results in an erroneous perception of historical stock trends, but it also affects the perception of the current stock status. The SSB around 2000 represents an all time low at 28% of the maximum SSB observed historically (ICES, 2008) , whereas the corresponding TEP estimate (run #4) was at a level of 15% of the maximum TEP. Because the latter represents a biologically more realistic estimate, the relative stock status must have been even poorer than indicated by the SSB. Therefore, our results underscore the plea to increase the biological realism in routine stock assessments (Marshall et al., 1998) and results of other TEP studies (Kraus et al., 2002; Morgan and Brattey, 2005; Marshall et al., 2006) . Comparison of the effect of different components established that in North Sea plaice, the maturity schedule and the appropriate weight-at-age of the partly recruited age groups had a major effect on the estimate of the reproductive potential, whereas fecundity and body condition were also important, but to a lesser degree. Changes in TEP have been foremost related to fisheries-induced changes in the population numbers and phenotypic changes in growth rate and maturation. Growth changes, as reflected in changes in the mean length-at-age, have important implications for the reproductive potential of a fish stock, because probability of maturation and absolute fecundity increase with fish size. The causes of the observed changes in growth are not fully understood. Density-dependent growth in the juvenile stage is corroborated by a number of studies (Modin and Pihl, 1994; Teal et al., 2008) , but for the adult stage, such evidence is lacking (Bolle et al., 2005) . The increase observed in the 1960s and 1970s was restricted to the size classes up to 25 cm, and coincided with an increase in nutrient levels and bottom-trawl disturbance in coastal areas, whereas an effect of temperature could not be established (Rijnsdorp and van Leeuwen, 1996) . The causes for the decrease observed since the 1980s are unclear, but might be related to a decrease in nutrient levels (Philippart et al., 2007) .
The advance in maturation appears to be partly a result of the observed increase in the juvenile growth and partly the temperature increase in the distribution area of the juveniles. The probability of becoming mature is determined by the size and age of the fish, and the transition can be described by the maturation Figure 4 . TEP as estimated under various model assumptions: (a) comparing trends in the baseline run with constant maturity-at-age and weight-at-age as observed in the first-quarter landings and constant relative fecundity (run #1≈standard SSB) with run #2 (as #1, but with weight-at-age as estimated from the fitted VBG curves of each cohort and the weight-length relationship), run #3 (as #2, but with the proportion mature estimated from the model) and run #4 (as #3, but with a fecundity -length relationship that takes into account variations in condition and whether the individuals represent recruit or repeat spawners); and (b) the percentage change in the TEP estimate between runs #3 and #4. Implications of changes in stock structure for stock recovery of North Sea plaice reaction norm (Stearns and Crandall, 1984; , which might itself be influenced by temperature and body condition (Grift et al., 2007; Kraak, 2007; Mollet et al., 2007) . The density-dependent effect on the onset of maturation could be an indirect effect of the density-dependent reduction in juvenile growth in abundant cohorts. Skipped spawning, for which evidence has been found in cod and herring (Engelhard and Heino, 2005; Rideout et al., 2005; Jørgensen et al., 2006) , might also affect the TEP. However, in the plaice samples collected for more than 60 years during the spawning season, we found no signs of this phenomenon (but see Bromley, 2000) , although it could be induced under experimental conditions (Horwood et al., 1989; Rijnsdorp, 1990; Kennedy et al., 2008) .
We demonstrated that more than half the interannual variation in the fecundity -size relationship could be explained by interannual variation in condition and the proportion of recruit spawners. The discrepancy with the fecundity data collected in the late 1940s remains unresolved, as discussed in detail elsewhere (Horwood et al., 1986; Rijnsdorp, 1991) . The challenge is to elucidate other processes that might explain the remaining interannual variations in fecundity. We interpreted these as a phenotypic-plastic response to variations in the environment. Some variation, however, might also be to the result of fisheries-induced evolution . For maturation, the decline in A50, after taking the effect of temperature and year-class strength into account, is most likely a result of the fisheries-induced evolutionary change in the maturation reaction norm (Grift et al., 2003 (Grift et al., , 2007 Kraak, 2007; van Walraven et al., 2010) . In addition, the decrease in the length of the older fish, in particular in males, is consistent with such an evolutionary change (van Walraven et al., 2010) . Because it is uncertain whether similar effects have happened with respect to fecundity , we ignored a possible evolutionary change in the fecundity -size relationship. However, if fecundity had been increasing gradually, as predicted by evolutionary models , the TEP during the earlier years might have been overestimated.
Using input data by sex, population numbers could be estimated for females and males separately. Although the results were consistent with a sexes-combined analysis, the reconstruction is biased, because the analysis was based on the age-composition data of landed fish only and it did not include discards. Because large numbers of undersized plaice are discarded in the smallmeshed trawl fishery for sole (Rijnsdorp and Millner, 1996; van Beek, 1998; Aarts and Poos, 2009) , ignoring discards might result in an erroneous perception of the trends in the stock (Kell and Bromley, 2004) . The decline in the number of males relative to females during the past decade is presumably related to the decrease in their mean length-at-age, which implies that an increasing proportion of the male population would remain below the minimum landing size. Although this results in an underestimate of this component, it does not affect the TEP estimate. Because the vast majority of the females discarded represent immature fish, the TEP time-series would be relatively robust to whether or not discards are included (Dickey-Collas et al., 2007) .
We did not include a potential effect of variation in egg quality. It is well established that larger females and repeat spawners in several fish species, including plaice (Solemdal, 1997; Kennedy et al., 2007; Green, 2008) , produce not only more, but also larger eggs, which produce larger and potentially more viable larvae. Including such maternal effects would have resulted in an even larger decrease in the "effective reproductive potential" in the 1990s, when the contribution of recruit spawners was .40%.
A special feature of plaice and flatfish in general is the clear sexual size dimorphism. Although little is known about the mating behaviour, size-assortive mating preferences, as observed for instance in cod (Hutchings et al., 1999; Rowe and Hutchings, 2003; Rowe et al., 2007) , would make the species potentially vulnerable to changes in the relative size distributions of the sexes (Figure 5 ), because this could distort the encounter probabilities with mates within the preferred size range. If the observed decrease in the size of the older fish, a feature that was particularly pronounced in males, is the result of an evolutionary change (van Walraven et al., 2010) , it has implications for the rebuilding of the depleted stock. Because the recovery rate from evolutionary changes will be much slower than that from phenotypically plastic changes (Law, 2000; Dunlop et al., 2009; Enberg et al., 2009) , and because the female component is less affected by an evolutionary change, and can therefore recover more quickly than the male component, we expect that the difference in size distribution between the two sexes will increase. Investigating the implications of fisheries-induced changes in the relative size distributions of the male and female spawning population seems an interesting and relevant area for future research.
